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POLAFCGRAPHIC  REDACTION  OF  HEXAMMINECOBALT  (III)  ION. 
THE-  EFFECT  OF  COMPLEXING  AGENTS 


by 

H,  A,  Laitinen  and  Peldsa  Kivalo 


ABSTRACT 


The  polarcgraphic  reduction  of  hexamminecobal t (III)  ion 
to  the  divalent  state  has  been  studied  in  the  presence  of  various 
concentrations  of  ammonia.  Comparison  of  half-v/ave  potentials 
with  equilibrium  potential  measurements  indicates  that  the  first 
step  in  the  reduction  process  is  an  electron  transfer  to  form 
hexamminecobalt  (II)  ion.  The  irreversibility  of  the  process  may 
be  attributed  to  a slow  step,  namely  the  transformation  of  the 
hexammineoobalt  (II)  ion  from  the  initial  dasp3  hybridization 
structure  to  the  stable  ap3ds  structure.  This  mechanism  is  sup- 
ported by  the  observation  that  the  anodic  current  due  to  oxida- 
tion of  hexamminecobalt  (III)  ion  at  the  rotating  platinum  elec- 
trode is  only  of  the  order  of  1 percent  of  the  diffusion- 
controlled  value,  and  must  be  limited  by  the  rate  of  the  reverse 
transformation. 

In  the  presence  of  ethylenediaraine,  the  reduction  of 
hexamminecobalt  (III)  occurs  at  the  reversible  reduction  poten- 
tial of  the  trisethylenediamineccbalt  (III)  ion,  although  this 
species  of  ion  is  not  present  in  solution,  A mechanism  for  this 
process  is  suggested. 

In  concentrated  chloride  solution,  the  second  step  of  the 
reduction  was  observed  to  be  shifted  0.4  v.  to  a more  positive 
potential,  because  of  the  formation  of  a chlorccomplex  of  cobalt 
(II)  by  rapid  exohange  of  ligands  by  the  hexamminecobalt  (II)  ion. 

In  concentrated  hydroxide  medium,  a similar  effect  was 
observed,  but  with  the  shift  of  the  second  reduction  step  to  a 
more  negative  potential. 


Introduction 


The  polarography  of  hexanminecobalt  (III)  ion  has  been  pre- 
viously discussed  by  Erdicka,1  Villi s,  Friend  and  Mellor3  and  in  a 


(1)  Erdicka,  H . , Coll.  Cz echos lov.  Cherc.  Corarcuns.  2,  112  (1933)* 

(2)  Villla.  o’,  P.  Friend,  J.  A.,  and  Mellor,  D.  P7,  J.  Am,  Chen. 
3oc . , 62,  16S6  (1945). 


3 

first  paper  on  the  subject  frcn  this  laboratory. 


(3)  Laitinen,  H.  A.,  Ballar,  J.  C.,  Jr.,  Holtzclaw,  H.  F.,  and 
'luagliano,  J.  Vt,  J.  Arc.  Chen. 'See.,  22,  -999  (194S). 


The  product  of  the  first  step  of  reduction  has  beer,  regarded  as 

? 3 

being  the  equated  cobalt  (II)  ion.  * The  present  investigation 
was  undertaker,  to  determine  the  effect  of  various  substances  which 
form  complexes  with  cobalt  (II),  in  the  hope  of  gaining  further 
insight  into  the  mechanism  of  electroreduction  of  the  hexaercine- 
cobalt  (III)  ion. 

Experimental 

Materials .--Hexanmln0cobp.lt  (III)  chloride  was  prepared  according’ 

4 

to  BJerrum  and  Reynolds  and  was  recrystallized  twice  frorc  alcohol 


(4)  BJerrum.  J.,  and  McReyr.olds,  J.  P.,  "Inorganic  Synthesis", 
McGraw-Hill  ? 00k  Co,,  Inc.,  Mew  York,  N.Y . , 1946,  Vol.  II, 
r>,  216. 
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and  hydrochloric  acid.  The  salt  was  dried  at  9^  C . for  S hours. 
Apparatus . — Current-voltage  curves  were  determined  with  a Leeds 
and  Uorthrup  Type  E Electro-Chemograph,  except  for  one  series  of 
experiments  (Table  2)  in  which  a Sargent  Polarograph,  Model  XXI, 
using  0.5  Vt  span  was  employed,  To  avoid  traces  of  agar  an 
H-cell  having  a 20  mm,  fine  sintered  glass  plug  separating  the  tw 
compartments  was  used.  The  solution  for  analysis  was  placed  in 
both  compartments  so  that  the  liquid  level  was  about  1 cm.  higher 
in.  the  cathode  compartment  than  in  the  anode  compartment . The 
reference  electrode  was  a saturated  calomel  electrode  connected 
to  the  anode  compartment  by  means  of  a salt  bridge  containing 
saturated  potassium  chloride  solution.  The  A.C.  resistance  of 
this  type  of  cell  was  6S0  ohms  (minimal  value  at  instant  of  drop 
fall),  using  0.1  N potassium  chloride  solution  with  the  dropping 
mercury  electrode  as  one  electrode  and  the  saturated  calomel  elec 
trode  ae  the  other  electrode.  Oxygen  was  removed  from  the  solu- 
tions with  oxygen-free  nitrogen.  The  cell  and  the  reference  elec 

trode  were  Kept  in  a water  thermostat  having  a temperature  of 
o 

25+O.I  C,  Two  dropping  mercury  electrodes  were  used: 

Eleotrode  I,  e » 1.746  mg. /sec.,  t - 4 .6£  sec.;  Electrode  II, 
m - 1.53c  mg. /sec.,  t = 4.72  sec,,  (open  circuit)  using  a mercury 
column  height  of  5C,C  cm. 

For  some  experiments  a rotating  platinum  electrode  was 
used.  The  electrode  was  rotated  ‘with  a small  induction  motor  at 
about  3OO  r.p.a.  The  microelectrode,  which  was  1.5  sun.  long  and 
0.2  mm.  in  diameter,  protruded  at  an  angle  of  45  degrees  from  the 


side  of  a piece  of  glass  tubing,  The  distance  between  the  tip  of 
the  electrode  and  rotation  center  was  5 The  rotating  elec- 

trode was  inserted  in  the  H»cell,  described  above,  through  which 
nitrogen  was  bubbled  continuously  during  the  experiment.  The  oell 
was  covered  with  a round  rotating  rubber  disc,  which  was  fastened 
to  the  electrode  shaft  through  a hole  in  its  center  and  which 
rotated  barely  above  the  edge  of  the  cell. 

Results  and  Discussion 

The  Effect  of  Ammonia  Concentration 

In  194-1  3Jerrums  showed  by  potentiometric  titration  that 


(5)  Bjerrum,  J, , "Metal  Anmlne  Formation  in  Aqueous  Solution" 

?,  Haase  and  3on,  Copenhagen,  Denmark  {1941} , p.  25C. 

the  oxidation-reduction  reaction  of  the  hexammine cobalt  (III,  II) 
system  is  reversible.  The  titrations  were  made  in  media  where  the 
divalent  hexamrlnecobalt  complex  is  stable,  i.e,,  in  solutions 
containing;  ammonium  salt  and  an  excess  of  the  complexlng  agent. 

In  a 2 H ammonium  nitrate  solution  the  standard  potential  at  J0°C, 
for  this  couple  appeared  to  be  -0,211  v,6 * * 9  vs.  the  saturated 


(6)  V.  M,  Latimer  has  calculated  the  standard  potential  of  the 

couple  to  be  +0,1  v.  vs.  hydrogen  electrode,  which  is  about 

-0,14  v,  vs.  S.C.E.  using  the  polarogrsphic  sign  convention* 
"Oxidation  Potentials”  second  Ed.,  Prentice  Hall,  Inc.,  New 

York,  M , Y . (195?),  P*  2l4f 
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calomel  electrode  (3.C.T.).  Curve  1 in  Figure  1 represents  the 
oxidation-reduction  potential  for  the  system  in  question  as  a 
function  of  the  activity  of  ammonia  as  obtained  by  Ejerrum.  The 
standard  potential  for  the  system  is  represented  by  the  straight 
line  of  -0,211  v,  vs.  S.C.E.  and  is  obtained  by  the  relationship 

1)  E°  « Eredcx  + 0.C6O1  leg  a6  (30°) 

where  a6,  the  fraction  of  the  total  divalent  cobalt  being  in  the 
hex&nmlne  form,  is  a function  of  the  activity  of  ammonia. 

The  polarographic  reduction  of  hexasminecobalt  (III)  ion 
to  the  divalent  form  appears  to  proceed  irreversibly  in  cost 
media.  Table  1 gives  half-wave  potentials  anr'  reciprocal  slopes 
of  the  plots  of  T vs.  log  (id  - i)/i  obtained  with  non-complexing 
supporting  electrolytes.  Table  2 shows  the  results  of  a study  of 
this  reduction  in  the  presence  of  various  concentrations  of 
ammonia,  In  order  to  be  able  to  compare  the  results  with 
Bjerrum' a,  the  supporting  electrolyte  used  was  2 K ammonium 
nitrate.  The  activity  of  ammonia  was  calculated  on  the  basis  of 
Bjermm'o  experiments,  which  were  run  at  22-23°C.  The  temperature 
in  the  present  experiment  '.'as  25°C.,  but  the  error  due  to  the  tem- 
perature difference  is  considered  negligible.  The  ae  values  v,rere 

o 

calculated  for  25  C.,  and  the  corrected  naif-wave  potentials  were 
calculated  by  an  equation  similar  to  equation  (1)  but  using  the 
slope  0.0551  corresponding  tc  25“0,  As  can  be  seen,  the  half-wave 
potential  becomes  more  negative  with  increasing  ammonia  concentra- 
tion. The  reciprocal  slopes  of  the  logarithmic  plots  seem  to  be 


closer  to  the  reversible  values.  Curves  2 an 3 ) in  Figure  1 


represent  the  plot  of  the  half-wave  potential  and  the  corrected 


Table  I 


lone. 

1! 

Supporting 

Electrolyte 

El/2'  V‘ 
versus 
S.C.K. 

Reciprocal 
31ope  of 
Log  Plot 

1.0 

KaNOa 

-0.245 

0.090 

1.0 

HM03 

-0.2S0 

0.076 

0.2 

Ba  ( ; iO  - ) a 

-C.246 

0.066 

0.1 

PaC104 

-0.245 

0.105 

1.0 

Pa  Cl 

-0.20C 

0.105 

1.0 

HC1 

-0.216 

0.116 

half-wave  potential , ' respectively,  vs.  the  negative  logarithm  of 
the  ammonia  activity.  A plausible  explanation  of  the  results  of 
these  experiments  seems  to  be  as  follows: 

The  primary  step  in  the  reduction  of  hexanminecobalt  (III) 
ion  is  the  electrode  transfer  giving  the  divalent  complex 

2)  Cc(!JK3)e+++  + e Co(NH3)9++ 


Consider  the  expression 

3) 


« 0 
. e . a c 


n m 

4 m 

nr 


a Cnfvv 


° 


Co(KHa) 


3 fl 


where  a0  refers  to  activities  at  the  surface  of  the  dropping 


electrode  and  E is  the  standard  ootential  of  reaction  2. 
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Assuming  the  activity  coefficients  and  diffusion  coefficients  of 

0 

the  two  forms  to  be  equal,  E is  identical  with  the  corrected 
half-wave  potential.  Realizing  that  the  concentration  of  the 
divalent  hexamraine  complex  at  the  half-wave  potential-  is  not 
equal  to  half  of  the  bulk  concentration  of  trivalent  complex,  but 
a fraction,  a«,  of  the  total  divalent  cobalt  produced  by  the 
reduction,  one  can  see  from  equation  3,  that  the  half  wave  poten- 
tial should  become  more  negative  with  increasing  hexanmlnecobalt 
(II)  concentration.  At  low  concentrations  of  ammonia,  where  only 
a small  fraction  of  the  total  divalent  cobalt  is  stable  in  the 
hexanmine  form,  the  kinetics  of  the  decomposition  of  the  hexam- 
nineccbalt  (II)  ion  affects  the  potential.  Curve  3 in  Figure  1 
shows  this  effect.  Instead  of  being  constant,  the  correoted  half- 
wave potential  becomes  more  negative  with  decreasing  ammonia  con- 
centration thus  indicating  that  the  concentration  of  hexamraine- 
cobalt  (II)  ion  is  higher  than  predicted,  i.e.,  the  time  has  not 
been  long  enough  to  attain  equilibrium  between  the  different 
divalent  cobalt  amines. 

From  Figure  1 it  car,  be  seen  that  the  polarographlc  reduc- 
tion proceeds  with  an  overpotential  of  about  0,1  v.  Part  of  this 

may  be  due  to  the  temperature  difference  (Bjerrur.'s  potentials 
o . 

obtained  at  JO  C.)  and  the  difference  in  the  diffusion  coeffi- 
cients of  the  trivalent  and  the  divalent  forms  of  the  complex,  but 
the  main  part  must  be  due  to  the  slowness  of  the  reaction.  It  was 
also  found  that,  in  accordance  with  PJerrum’s  results,  the  half- 
wave potential  became  mere  positive  ’with  decreasing  ammonium  ion 
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oonoentratioru  For  example,  in  7.1  M ammonia  the  half-wave 
potentials  in  2,  1 and  0,5  M ammonium  nitrate  were  -0,291,  -C.275, 
and  -0.271  v.  vs,  5.C.E.  respectively.  The  postulation  that  the 
reduction  cf  hexamrainecobalt  (III)  ion  consists  of  the  electron 
transfer  to  form  the  divalent  hexamaine  cobalt  ion,  which  in  turn 

Table  2 


r 


:n;i3] 

pa.C.KH.1* 

. «e* 

1/2 

v . vs . 
S.C.F., 

O.C39  log  ce 

~l/2 
Com . 

Reciprocal 
Slope  of 
log.  plot 

0.71 

+0.14S 

o.osi 

-0,2702 

-0.C645 

-0.33^7 

O.073 

1.42 

-0.1S5 

0,212 

-0.2734 

-0.0397 

-O.3151 

0,072 

2.13 

-0.3S5 

0,330 

-0.27S5 

-C,C2Sk 

-O.3069 

0.074 

3*55 

-C.655 

O.5O3 

-0.2S12 

-0.0173 

-C.29S7 

O.073 

5.69 

-0.95 

0.6S4 

-0,2642 

-0,009s 

-0.2940 

0.075 

7.11 

-1.11 

0,760 

-0.2912 

-0,0071 

-0.29S2 

0,075 

9.25  ' 

-1.3^ 

0,c47 

-0.2965 

-0.0043 

-0.3C2S 

0.077 

11.10 

-1.53 

0.90 

-0,3040 

-c.0027 

-O.3067 

O.07S 

* The 

activity 

of  ammonia 

cnlculat 

ed  on  the  basi 

s of  PJerrum's 

data8  as  well  as  the  value  of  aB  which  is  the  fraction  of  the 
total  Cc(II)  being  in  hexammine cobalt  (II)  form. 


decomposes  more  or  less  depending  upon  the  medium,  is  supported 
by  somj  recent  radioactive  tracer  investigations  on  the  rate  of 
electron  exchange  between  complex  ions  by  Koshovsky,  Holneit  and 
McCallum7  as  well  as  by  Le"is,  Coryell  and  Irvine, 


These  authors 


_c_ 


(7)  Hoshowsky,  S.  A.  t Holmes,  0.  CK,  and  hcCallum,  K.  J.,  Car,.  J . 
Research,  S7B , 252-865  '15*5) . 

(S)  Leris . W.  'corye  11,  C.  I.,  and  Irvine-,  J.  , Jr.,  J.  Chen, 

3oc,  [Suppl.  Issue,  No.  2),  S3 S6-921  (l9I+9)* 

reported  a noticeable  but  slow  rate  of  exchange  of  electron 
between  he xamaine cobalt  (III)  and  hexaraminecobalt  (II)  # thus  indi- 
cating a certain  degree  of  reversibility.  It  is  of  interest  to 
note  that  the  trieethylenediamine  cobalt  (III,  II)  couple  which 
has  a much  higher  rate  of  electron  exchange  than  the  hex an mine 
system,  was  shown  by  EJerrum8  to  be  reversible.  However,  both  of 
the  above  mentioned  systems  have  very  slow  rates  of  exchange  com- 
pared to  the  rates  of  such  reversible  systems  as  Ce(IV,  III)  and 
h'nC4”,  Hn04=,  In  this  laboratory,  M.  II,  Irieb  (unpublished  inves- 
tigations) has  studied  the  polar ©graphic  reduction  of  the  trie- 
ethylenedlamlne  couple  and  found  that  the  half-wave  potential  is 
nearly  identical  with  Bjerrum.’e  redox  potential  for  this  system 
and  that  the  reduction  proceeds  reversibly. 

The  electron  exchange  and  thus  the  reversibility  of  both 
hexarsmine  and  tris ethylenediamlne  system  is,  however,  difficult 
to  understand  from  the  following  point  of  vie’'.  Libby9  has  postu- 


(9)  Libby,  W . Preprints  of  Papers  Symposium  Electron  Transfer 
and  Isotopic  Reactions,  J.  Rhys.  Chen.,  36,  39  (Oct,  1952)  • 


lated  that  electron  exchange  occurs  only  between  symmetrical  com- 
plexes. In  the  case  of  the  cobalt  complexes,  the  tri^alent  forms 
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as  is  well  known,  have  covalent  bonds  (d  sp  -hybridization)  and 
are  distinctively  inert  (Taube's10  terminology)  and  the  divalent 


(10)  Taube,  H. , Chen.  Revs.,  sjO,  69  (1952). 

forma  are  labile,  having  ionic  bonds  (sp3d8-hybridlzation) . The 
electron  configuration  is  too  different  to  allow  a reversible 
electron  transfer.  In  order  to  satisfy  Libby’s  symmetry  principle, 
the  following  mechanism"  may  be  postulated  for  the  hexammine  cobalt 
couple: 


+++ 

4)  Co  (LTV/ 6 

5)  CoO-IHa)^ 


(dasp3-hybridization)  + e Co(fH3)a  (d8ep3- 

hybrldization 

(d‘Jap3-hybrldizaticn)  _ Cc(;Fi3)a  (sp3d9-hybridi- 

zaticn) 


Equation  4'  would  represent  the  reversible  step  and  equation  5 the 
irreversible  step  involving  an  activation  energy. 

Alternating  current  polnrography  using  a technique  similar 

!!  1 i 

to  that  described  by  fuller,  Garman,  Droz  and  Petra  and  by 


(11)  fuller,  R.  H. , C-arman, 
Ind.  Eng.  Cher,.,  Anal. 


?. , L, , Drcz,  M.  E..  and  Petra,  J., 
10,  339  (1935). 


Breyer  and  Guttman18  was  employed 


in  order  to  investigate  the 


(12) 


09*7): 


B.  and  Guttman.  F, 


Faraday  See.  Discussion,  1 , 19 


reversibility  of  certain  electrode  reactions  (unpublished  investi- 
gations), In  a solution  containing  1 M sodium  nitrate  end  3 mil- 
limolar  hexammine cobalt  (III)  and  using  a 60  cycle  a.c.  with  a 
voltage  amplitude  of  5O-IOO  mv.  it  was  found  that  oxidation  of 
the  hexamminecobalt  (II)  complex  forced  during  reduction  actually 
takes  place  during  the  second  half  of  the  a.c.  cycle,  thus  indi- 
cating a certain  degree  of  reversibility. 

The  oxidation  of  hexammine cob a It  (II)  ion  was  studied  by 
using  the  rotating  platinum  electrode.  Figure  2 shows  current 
voltage  curves  obtained  in  12.7  M ammonia  and  1 !'  ammonium 
nitrate.  The  reduction  of  hexamr.inecobalt  (III)  ion  gives  a well 
defined  diffusion  current.  2 v . vs.  S.C.E. 

However,  by  reversing  the  polarization  fron  an  increasing 
cathodic  to  decreasingly  cathodic,  the  ^1/2  has  changed  to  -O.jS 
v.  vs.  S.C.E.  The  hysteresis  effect  can  be  explained  by  the  fact 
that  with  increasingly  negative  polarization  the  concentration  of 
the  hexammine cobalt  (II)  complex  produced  actually  will  stay 
higher  than  the  equilibrium  concentration  and  thus  shifts  the  wave 
to  more  negative  potential.  vhen  the  polarization  Is  decreasingly 
negative  equilibrium  conditions  should  be  more  closely  approached. 
The  oxidation  experiments  were  conducted  in  the  following  manner: 
The  supporting  electrolyte  containing  the  ammonia  was  first 
deaerated  and  then  a few  drops  0?  a 2 M cobalt  sulfate  solution 
were  added,  preventing  thus  any  air  oxidation  of  the  divalent 
am mine  complex.  In  Figure  2,  a few  current  voltage  curves  of  the 
oxidation  of  divalent  complex  are  presented.  At  this  ammonia 
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activity about  9C$  of  the  total  divalent  cobalt  pr-s  at  is  in  the 
hexarnnine  form.  The  results  are  somewhat  surprieirg  . The  naif- 
wave  potential  seems  to  be  roughly  right  {-0.260  v - vs.  3.C.E.) 
regardless  whether  the  polarization  is  increasing!;- * cr  dsoreas- 
ingly  cathodic.  The  current  is,  however,  only  of  *-.*<  order  of 
1 percent  of  the  expected  value.  The  limiting  curxser*  is  not 
proportional  to  concentration  but  seems  to  become  hxiip er.de nt  of 
it.  This  ie  shown  in  Figure  3*  Tt  might  be  men t ic*.a*:-  that,  as 
expected,  the  oxidation  current  decreases  with  decr-sE-i  r.g  ammonia 
concentration, 

The  results  indicate  that  the  oxidation  proc:*eis  very 
slowly,  and  that  probably  the  surface  area  of  the  ehcactrcde  is  one 
of  the  rate  determining  factors,  approaching  a zercscrder  of  reac- 
tion with  increasing  concentration.  A plausible  r.etrfun  ism  for  the 
slow  rate  would  be  represented  by  equation  5 snd  *+  e nrse<3 . 'Thy 
the  current  is  higher  using  decreasingly  negative  p:lM=r±zat  ion 
than  with  the  opposite  polarization  cannot  be  expla.m-i. 

Reduction  in  Tthylenedlar.ine 

8 

Lewis  et  al.  in  their  studies  on  the  rates  53.ectron 
exchange,  found  a remarkably  fast  rate  for  the  reac:i_i.:n 

-t*+  +■*•+  — + 

6)  Co  { MK3)  6 + Co { en)  3 — Co(er.)3  + Ccirr-3)e 

It  was  of  interest  to  try  the  polarographio  reductim*  of  hexammine- 
cobalt  (III)  ion  in  the  presence  of  ethylenedi amine 

It  was  first  ascertained  that  the  hexammine  :)«-  was  stable 
in  0.1  h ethylenediamine.  A millLmolar  solution  of  .i a-xammlne- 
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cobalt  (III)  chloride  stood  for  43  hours  in  0,1  K ethylenediamine . 
The  amine  was  then  neutralized  with  acid  and  a polarogram 
recorded,  shoeing  that  the  original  ion  still  was  present.  A 
different  type  of  experiment  led  to  the  same  conclusion:  A O.OS  U 
ethylenediamine  solution  containing  0,012  M of  the  hexammine cobalt 
(III)  chloride  was  allowed  to  stand  for  43  hours.  The  he xam mine- 
cobalt  (III)  chloride  was  then  precipitated  using  concentrated 
hydrochloric  acid  and  alcohol.  The  dried  product  dissolved  in 
water  gave  the  same  polarc grams  as  the  original  material. 

Figure  4 shows  a family  of  polarograms  obtain  in  a sup- 
porting electrolyte  containing  0.1  M potassium  nitrate  and  0.1  M 
ethylenediamine.  The  reduction  of  the  hexammine cobalt  (III)  Ion 
proceeds  apparently  reversibly,  the  reciprocal  slope  of  the 
logarithmic  plot  having  a value  of  0.064.  The  half-wave  potential 
for  this  reduction  was  __0.46p  v-  Zl*  S.C.E.  'L  I'.  Grieb  (unpub- 
lished inves tigations  (has  determined  the  half-wave  potential  for 
the  reduction  of  trisethylenediam inecctalt  (III)  ion  to  be  -O.451 
v.  vs.  3.C.E.  in  this  medium.  Curve  2 in  Figure  4 was  obtained 
by  having  both  hexamminecobalt  (III)  and  trisethylenediamine- 
cobalt  (II)  In  solution  and  curve  3 represents  the  oxidation  of 
the  latter  only.  The  procedure  of  forming  the  divalent  complex 
in  solution  was  the  same  as  described  above  in  connection  with  the 
oxidation  of  hexamminecobalt  (II)  complex.  As  can  be  seen,  the 
couple 


7) 


Co(FH-) 


+ e 


Gofer.)  3 


apparently  represents  a reversible  system. 


It  is,  however,  clear  that  the  hexamminecobnlt  (III)  ion  is 

reduced  at  the  usual  potential  of  about  -O.25O  v.  vs.  S.C.E,  and 

the  product,  the  divalent  hexammine  complex,  being  a labile  ccra- 
1 c 

plex  which  will  rapidly  cone  into  equilibrium  with  the  complet- 
ing agent  in  the  solution: 

S)  Co(NH3)e++  + Jen  ^ Co(*n)3++  + 6NHa 

Decause  of  the  excess  of  ethylenedlamine  and  the  relative 
stability  of  the  complexes,  the  equilibrium  is  shifted  to  the 
right.  As  long  as  the  potential  is  more  positive  than  required  for 
the  reduction  of  trisethylenediarinecobalt  (III),  an  oxidation  of 
the  divalent  ethylenedlamine  complex  occurs,  thus  resulting  in  a 
net  current  equal  to  zero,  '.'hen  the  potential  of  the  electrode  is 
made  increasingly  negative,  the  oxidation  will  cease,  with  the 
half-wave  potential  equal  tc  that  of  the  trisethylenediamine  sys- 
tem, and  with  .the  reversible  slope,  thus  giving  the  impression  that 
the  system  represented  by  Equation  7 is  a reversible  one. 

Reduction  in  High  Chloride  Concentration 

1 a 

Bruicka  found  in  193^  that  the  reduction  of  the  blue 

(13)  Brdicka,  R.,  Coll.  Szechoslov.  Cher. . Commune . , 2,  US9,  5^5 
(1930). 


chlorocomplox  of  divalent  cobalt  is  more  nearly  reversible  and 
occurs  at  0.4  v.  more  positive  potential  than  the  reduction  of  the 
hexaaquc  ion.  The  polarograr  of  he xanunine cobalt  (III)  in  5 
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calcium  chloride  solution  is  shown  in  Figure  5,  Curve  1.  The 
first  wave  is  drawn  out,  but  ie  r0UShly  normal  at  -0,260  v. 

vs,  S,C,E.  The  second  wave,  the  reduction  of  the  divalent  cobalt 
to  metal,  has  a half-wave  potential  of  -C,g?6  v,  vs,  S.C.E,  and  a 
logarithmic  reciprocal  slope  of  about  0,c6o.  Curve  2 represents 
the  reduction  of  the  divalent  chloro  complex  of  cobalt.  E^yg  is 
-0.S22  v.  vs.  S.C.E.  and  the  reciprocal  slope  of  0,042.  From  the 
large  shift  of  the  second  reduction  wave  of  hexanraine cobalt  (III) 
it  is.  obvious  that-  a chloro  complex  of  cobalt  (II)  must  be  formed 
by  a rapid  exchange  of  ligands  by  the  hexamm in e cobalt  (II)  ion. 
Since  the  second  wave  of  cobalt  (III)  is  not  identical  in  poten- 
tial or  shape  with  the  cobalt  (II)  wave  it  is  probable  that  the 
species  involved  in  the  two  cases  are  not  identical,  i.e.,  that 
the  exchange  is  not  complete. 

Reduction  in  High  Hydroxide  Concentration 

Although  it  has  been  long  known  that  cobalt  (II)  hydroxide 
will  dissolve  in  concentrated  alkali  solution  to  form  a blue  solu- 

1 4 

tion,  ■ very  little  is  known  about  the  actual  species  formed. 

(14)  Crpelin.  "Handbuch  cer  Ancrganischer.  Cheraie"  Verlag  Chenie 
S , 1 : , B , H . , Berlin,  193?  (SthEd.),  Vol.  ?S,  Tell  A,  p.  20g . 


Schclder  reports  preparing  well  crystallized  compounds  like 


(15)  Scholder,  R.,  2.  angow.  Chen.  46,  509  (1533). 


Bas[  Co  (OH)  g]  and  Na3 [ Co( OH) 4]  . More  recently  C-ord.on  and  Schreyer 
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(16)  Gordon.  S.,  and  ochre  yen,  J.K.  . J.  Am.  Chen.  Soc.,  74,  31^9 

(1952).  ^ 


have  studied  epectrophotometrically  the  species  of  cobalt  (II)  in 
strongly  alkaline  solutions  and  report  results  indicating  that  a 
blue  trihydroxocobalt  (II)  exists  in  solutions  containing  3 to  12 
H potassium  hydroxide. 

Some  experiments  were  carried  out  in  order  to  find  out 
whether  the  blue  complex  of  cobalt  (II)  is  reducible  at  the  drop- 
ping mercury  electrode.  The  supporting  electrolyte  (10  K sodium 
hydroxide)  deaerated  and  then  a few  drops  of  a 2 M cobaltous  sul- 
fate solution  were  added  to  it.  A pink  tc  blue  precipitate  was  at 
first  formed,  but  after  15  minutes  stirring  (nitrogen  bubbling)  a 
deep  blue  solution  was  obtained,  containing  about  2 r.illinolar  of 
cobalt  (II)  as  the  hydro  complex.  host  cf  the  precipitated 
cobaltous  hydroxide  remained  undissolved.  The  reduction  proceeded 
irreversibly,  the  half-wave  potential  being  -l.~^  v,  vs.  3.C.I. 

The  reduction  cf  the  hexa.mminecobp.it  (III)  complex  in  10  h 
sodium  hydroxide  was  also  studied.  The  first  stem  comes  at 
around  -0,35  v>  Vs-  3.O.T.  and  the  second  stem  has  a half-wave 
potential  of  -1.54  v.  vs.  5.C.D.  It  seems  obvious  that  the  mech- 
anism is  similar  tc  that  described  in  the  case  of  the  chloro  com- 
plex. 

'/hether  the  exchange  here  is  complete  or  not  car. not  be  said 
on  the  basis  of  this  experiment. 


Figure  1 

Curve  1:  . Oxidation-reduction  potential  for  hexammineoobalt  (III, 
II), couple  acc,  to  J.  BJerrura  obtained  at  ^0°C , in  2 M 
ammonium  nitrate,  * 

Curve  2:  E^/?  for  the  same  couple  at  25°C,  in  2M  ammonium  nitrate* 

Curve  3:  En/g  corrected  for  a*. 


■ Figure  2 

PoLarograms  obtained  with  the  rotating  platinum  electrode  in 
1 li  ammonium  nitrate  and  12.7  M ammonia. 

Curve  Ot  residual  current;  Curves  1 and  la,  1 millimolar 
hexamminecobalt  (III);  Curve  2,  ca.  2 millimolar:  Curves  3 and  3a, 
ca  3 millimolar;  Curve  4,  'ea.  4 millimolar  Co (II;  total. 

The  arrow'"’ a hows' the  direction  of  polarization. 

The  sensitivity  setting,  v;hen  recording  the  anodic  currents, 
was  ten  times- higher  than  when  recording  the  cathodic  currents. 


Fi glare  3 

The  diffusion  current  of  the  oxidation  of  hexamminecobalt  (II) 
plotted  against  the  concentration  of  the  total  divalent  cobalt. 
Supporting- electrolyte  12.7  K ammonia  and  I I!  ammonium  nitrate. 

The  polarization  was  increasingly  negative. 


Figure  :4- 


Polarcfirrarcs  obtained  in  C.l  M potassium  ni- 

’iectrode  ?I , damping  1. 

oa 


rate  containing 
Curve  1,  1 milli- 


0.1  h ethylenediamine , Fleet 

molar  hexamminecobalt  (III):  Curve  2,  oa.  0,53  millimolar  hexam- 
minecobalt (III)  and  ca.  0 . 44  mill-imolar trisethylenedlaminecobalt 
(IT);  Curve  3,  ca.  1 millimolar  trlsethylenediaminecobalt  (II). 


Figure  5 

Polarograms  obtained  in  10  N calcium  chloride.  Electrode  II, 
damping  1,  Curve  1,  1 millimolar  hexamminecobalt  fill);  Curve  2, 
1 millimolar  cobalt  (II), 
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